Abstract -In this paper, the feasibility of air classification of dusts from iron and steel production for improved recycling is investigated. By air classification a dust can be separated into a coarse fraction and a fine fraction. According to literature data some components which are usually unwanted in recycled material like alkali chlorides and the heavy metals Zn and Pb are enriched in the fine dust fraction. Therefore, air classification of dust before recycling would allow recycling of an increased amount of dust and reduce landfill. However, the benefits have to be measured against the cost of air classification. In order to be able to study the feasibility of such treatment the investment costs and the operating costs of a classification facility were calculated for three different dust treatment capacities. The results show that the three main factors affecting the feasibility of such a treatment are the capacity of the unit, the cost of landfill of the respective dust and the fraction of dust which can be recycled after the treatment. A cost curve per ton of processed dust is presented and shown for annual capacities of 2.370, 7.000 and 23.000 t. For the higher capacities it is shown that good feasibility is probable even if rather low landfill costs are assumed.
Introduction
The residue from dry air pollution control processes for off-gas de-dusting in the iron and steel industry is a finegrained material which either has to be recycled in some way or disposed of in landfill sites. The dusts separated from the off-gas of the blast furnace (BF), the basic oxygen furnace (BOF) and the sinter plant are rich in Fe and, therefore very often recycled inside the steel mill. Limitations for recycling usually arise from high content of Zn and Pb in the dusts or in the case of sinter plant dust from an increased content of alkali chlorides (KCl, NaCl). In several studies it has been shown that these unwanted components are especially enriched in the finest fractions of the dusts (BF top-gas dust [1] [2] [3] , BF casthouse dust [4] , BOF secondary dust [5] , sinter plant dust [6, 7] ). Therefore, air classification of these dusts could be a feasible process to reduce such components in the bulk of the dust by separating off the finest fractions. The treatment of the sludge from wet off-gas cleaning of BFs by hydro-cyclones is a well-established process. In this application the fine fraction which is enriched in Zn is separated from the sludge. Air classification could be used in a similar way for the residues from dry off-gas de-dusting. However, the costs are expected to be higher for air classification compared to classification in hydro-cyclones because an air classifier is a much more complex and expensive machine compared to a hydro-cyclone.
In this study, the cost of air classification of dust was investigated for several treatment capacities of the air classification unit. The obtained costs for air classification resulting from the investment and the operating costs of the classification unit were compared with typical landfill costs for such dusts.
Plant concept
The chosen method for the evaluation was integration of an air classification plant (ACP) as a greenfield plant into an existing steel works [8] . The concept is that the dust is transported by truck to the ACP and then stored in a silo for processing. The resulting fine and coarse fraction are stored in separate silos. The coarse fraction is then recycled in the steel works. The fine fraction with the bulk of unwanted elements is either transported to landfill or recycled in some way outside the steel works. The basic flow diagram of the APC is shown in Figure 1 . The process starts on the left with the pneumatic unloading of the input material into the storage silo by means of an onboard compressor. Then the material is transported mechanically into the classifier and the coarse portion is also transported in this way out of the machine. The size of the silos was set to about 100 m³, which comes from the idea that a minimum of two truckloads can be dumped. The filter for the fines is very important for cost calculation. Ventilation is placed at the end of the flow, so the plant is operated in under-pressure mode. The loading of the departing trucks is done by load bellows, as the truck is located directly under the respective silo. The core component of the plant is a dynamic air classifier, which is in industrial use in several variants. The fine granular material is fed to the classifier either pneumatically or by a mechanical conveyor. Additionally, air is fed to the classifier to disperse the dust. The classifier wheel is of adjustable speed and provides for dynamic acceleration of the dispersed particles when they enter the wheel. Coarse particles gain a higher impact and are moved towards the side walls, from where they fall by gravity to the coarse material outlet. The fine particles are transported with the air to the center of the classifier wheel and have to be separated from the air flow in a bag filter. By adjusting wheel speed and air flow, separation can be managed. Higher speed leads to a lower value of the cut size x T , which is the particle size to end up in the coarse fraction or in the fine fraction with equal probability.
To obtain an investment as well as an operating cost curve, the plant concept has to be worked out for a number of material treatment capacities. To provide the cost calculation in a transparent and comprehensible manner, the investment for the main components was estimated on the basis of quotations. This required a plant concept on a basic engineering level, but the process design of the plant was not needed in detail.
The amount of dust which has to be air-classified and the required cut size of the classification depend on the application and the capacity of the steel works. An overview of the specific dust generation rates of the various process steps of steel works can be found in the BAT reference document [9] . However, the presented values vary within a wide range. Therefore, the design capacity for the ACP was defined by experience. Three capacities were selected (300 kg/h, 1,000 kg/h and 3,000 kg/h). Thus, the plant concept should be applicable to electrostatic precipitator dust from a sinter plant as well as to dusts from a BF (dust catcher, cast-house de-dusting and second stage dry top-gas cleaning) and from secondary de-dusting of a BOF.
The required cut size is expected to be in the range of 2 -10 µm [2] [3] [4] [5] 7] . However, this value can only be given in a range where actual trial runs have to be performed. Therefore, the concept of the ACP has to be highly adjustable as mentioned above, as separation size can be set by means of air supply and wheel speed. It is also possible to classify feeds from different processes and plants, as process control can set the production parameters accordingly for each lot.
The bulk density of the dusts is an important parameter for the selection of the size of the silos. Typical ranges of the bulk density of dusts from sinter plants, BFs and BOFs are 500 -1500 kg/m³ and the values of the material density are in the range from 2500 -4000 kg/m³ [6, [10] [11] [12] .
Based on the flow diagram ( Figure 1 ) the basic engineering for the ACPs was elaborated. The main process equipment of an ACP is the air classifier. An investigation of suppliers of suitable air classifiers showed that there are a number of capable companies. However, references in the steel industry are still rarely to be found. The main differences between air classifiers from different suppliers are in the type of feeding. Options are air or mechanical feed. The same applies for the transport of the coarse fraction. For the ACPs, air classifiers with mechanical conveying of the feed and the coarse material were selected. The size of the silos was selected to have a storage capacity for more than one silo truck even at the lowest bulk density.
Before the cost calculation was started, an overall layout of the site was worked out (Figure 2 ) for a proper estimate of site costs. If the ACP is located directly beside a road, a field of 600 m² would suffice. The 50 m² building with an eaveheight of about 5 m can be of a standard industrial prefabricated type, placed on a concrete basement. The storage silos of the coarse and fine material will be the tallest buildings with a height of about 18.5 m over ground level. 
Cost estimation
For cost estimation a site location in Central Europe (Southern Germany, Austria) was assumed. The differences between the plant sizes results mainly from the differences in the air classifier and the conveyors (Table 1) but not significantly from costs for buildings and storage units. Furthermore, engineering costs do not depend on the plant size and an estimate of 650 h was taken into account.
The investment and operation costs of the ACPs are summarized in Table 2 . In the calculation a payback period for the investment of 10 years was assumed, financing cost 5% per year (interests, services). For the estimation of the personnel costs, it was assumed that the plant is handled in remote control mode, so personnel are shared with other facilities. As the operation will have no direct necessity of local interaction, a 25% share of one full-time resource was assumed to be sufficient to run the plant. The cost for unloading und loading was assigned to the transportation costs, which are excluded from this calculation. The unloading costs appear in today's plant management as well, as the dust has to be brought to landfill sites or other recycling facilities anyway.
The operation of the plant will be in three shifts with planned maintenance stops. Taking into account other reasons for stoppages such as shut-downs of the dust producing facilities, a net production time of about 7,900 h/a was assumed. This means that four shifts have to be filled and so personnel costs of one person have to be calculated in total for all ACP types. A value of roughly 57,000.-EUR per year was estimated for the chosen location based on local rates. The prediction of the energy cost is very much dependent on the place of operation. At the time a figure of 120 EUR/MWh seemed to be reasonable. The estimated electric power consumption of the small, medium and large ACP was 210 MWh, 480 MWh and 870 MWh, respectively. Maintenance was derived from quotations from specialized companies and a figure of 9,000.-EUR per year was found plausible, which depends little on the size of the plant.
The resulting specific costs for air classification were 73.0 EUR/t, 27.0 EUR/t, and 11.8 EUR/t in a small, medium and large ACP.
Results and Discussion
The operating efficiency of an ACP plant mainly depends on its benefits. There are two main ones. The first is the avoidance of landfill costs. Only the mass portion of fines would have to go to landfilled after air classification, the coarse fraction would be recycled. A second benefit would come from the bonus for the valuable raw material, especially Fe and also C in the case of BF dust, that goes with the recycled material. In the following, such bonuses were not further investigated, as this is a very specific issue of steel operations. It is clear that the calculation could also produce a negative bonus if the recycling causes additional operation costs. So the assumption is that the set point of x T is such that no negative influences to the process occur. The only source of revenue for the operating costs and the payback of the investment is the saving in landfill cost then.
Appropriate numbers for landfill costs of dust from steelworks is hard to find in literature. Steel works do not make public such cost rates and there is no appropriate parameter which can be taken from waste handling companies, as the amount of waste is much higher in this case usual e.g. in the construction business.
However, one source for this paper was the online service "Baupreislexikon.de" which is widely used in the construction business in Germany for price calculation [13] . It is clear that this service does not offer a value for filter dust from the steel industry but the aim was to find a figure below which landfill of such waste will not go. The section "metallic waste loaded with zinc" was chosen together with "dust-tight loading at filling site". The database computed costs of about 80.-EUR/t.
In a recent study the cost for landfill of untreated municipal waste incineration fly ash of 220.-EUR/t was used, whereas landfill of inert fly ash after leaching was said to be 36.-EUR/t [14] . In another study nearly ten years ago the cost for landfill of electric arc furnace dust of 125.-EUR/t was used, whereas landfill from processes with an inert mixture of dust of this kind together with cement were said to be 20.-EUR/t [15] .
Another parameter which influences the profitability of an ACP significantly is the fraction of coarse material which can be utilized. This fraction depends on composition of dust and the specific circumstances at the steel works. Therefore, it is used as a variable parameter in the further discussion. 
For the investigated case the results are plotted in Figure 3 to illustrate the effect of fines rate and plant capacity on the required minimum landfill rate for feasibility. The model can also be adapted for different local conditions. 
Conclusion
As shown, there is a high probability that with use of air classifiers the amount of landfilled dust from sinter plants, BFs and BOFs can be substantially reduced. Even if moderate rates for landfill are taken into account, economic feasibility over ten years was demonstrated. It is clear that for most steel companies this issue is not a priority, however. One reason could be that additional recycling of raw material is required, another that available space for landfill is limited. Nevertheless, the idea and the proof of feasibility will become a more important issue in the discussion on good waste treatment when the first ACP plants become public as available technology for effective recycling of dust from steel plants.
